The ability of a cell to sense and respond to DNA damage is essential for genome stability. An important aspect of the response is arrest of the cell cycle, presumably to allow time for repair. Ataxia telangiectasia mutated (ATM) and ATR are essential for such cell-cycle control, but some observations suggest that they also play a direct role in DNA repair. The Drosophila ortholog of ATR, MEI-41, mediates the DNA damage-dependent G2-M checkpoint. We examined the role of MEI-41 in repair of double-strand breaks (DSBs) induced by P-element excision. We found that mei-41 mutants are defective in completing the later steps of homologous recombination repair, but have no defects in end-joining repair. We hypothesized that these repair defects are the result of loss of checkpoint control. To test this, we genetically reduced mitotic cyclin levels and also examined repair in grp (DmChk1) and lok (DmChk2) mutants. Our results suggest that a significant component of the repair defects is due to loss of MEI-41-dependent cell cycle regulation. However, this does not account for all of the defects we observed. We propose a novel role for MEI-41 in DSB repair, independent of the Chk1/Chk2-mediated checkpoint response.
C ELL-CYCLE regulation is an important response to DNA damage. This regulation couples repair with cell-cycle progression to prevent genomic instability following DNA damage. In the DNA damage checkpoint pathway, sensors recognize DNA damage and then stimulate a variety of responses, including phosphorylation of transducers of the checkpoint pathway. These transducers then activate or inactivate effectors that directly inhibit cell-cycle progression, resulting in arrest of the cell cycle to allow time to repair the damage (reviewed in Sancar et al. 2004) .
Ataxia telangiectasia mutated (ATM) and ATR are important mediators of DNA damage checkpoints. Both regulate DNA damage-dependent cell-cycle checkpoints at the G1-to-S transition, within S phase, and at the G2-to-M transition (reviewed in Shiloh 2003; Sancar et al. 2004) . In mammals, ATM responds primarily to doublestrand breaks (DSBs) and is therefore activated by ionizing radiation (IR) (Canman et al. 1998 ). In contrast, ATR responds primarily to the presence of ssDNA and is therefore activated by hyperoxia, DNA polymerase inhibitors, and ultraviolet (UV) radiation (Cliby et al. 1998; Wright et al. 1998; Unsal-Kacmaz et al. 2002; Das and Dashnamoorthy 2004) . Recent findings, however, suggest that the roles of these checkpoints may be more complex than originally proposed. In mammals, there is evidence that ATM and ATR may regulate each other. For example, ATR may be activated by ssDNA that is generated during ATM-dependent repair of DSBs (Wang et al. 2003) . Also, ATR is required to maintain the checkpoint initiated by ATM (Brown and Baltimore 2003) .
Although there are Drosophila orthologs for both ATM and ATR, the DNA damage-dependent checkpoint functions reside primarily in the latter, which is encoded by the mei-41 gene. The MEI-41 protein is required to prevent entry into mitosis before completion of replication and for checkpoints induced by DSBs during all phases of the cell cycle (Hari et al. 1995; Sibon et al. 1999; Brodsky et al. 2000; Garner et al. 2001; Jaklevic and Su 2004; Bi et al. 2005a) . As a consequence, mei-41 mutants are hypersensitive to agents that inhibit or block replication, such as hydroxyurea, alkylating chemicals, and ultraviolet radiation, and to agents that generate DSBs, such as IR (Boyd et al. 1976; Sibon et al. 1999) . In contrast, the primary roles of the Drosophila ortholog of ATM (encoded by tefu) are in telomere stabilization and regulation of p53-dependent apoptosis; null mutations in tefu are lethal, possibly due to chromosome breakage resulting from telomere fusions (Bi et al. 2004 (Bi et al. , 2005b Silva et al. 2004; Song et al. 2004) . Temperature-sensitive tefu mutants are hypersensitive to IR, but they have a fully functional checkpoint at high doses of IR (Silva et al. 2004) . Thus, although MEI-41 has more sequence similarity to ATR, it appears to function as the major component of replication and DNA damage checkpoint pathways similar to both mammalian ATR and ATM. These checkpoint functions appear to be mediated entirely by orthologs of Chk1 and Chk2, which are encoded by the grp and lok genes, respectively (Xu et al. 2001; Brodsky et al. 2004; Jaklevic and Su 2004; de Vries et al. 2005) .
Most studies of ATM and ATR have focused on the checkpoint functions of these kinases. However, it has been suggested that human ATM has a role in DNA repair in addition to its role in cell-cycle regulation (reviewed in Jeggo et al. 1998; Lobrich and Jeggo 2005; Jeggo and Lobrich 2006; O'Driscoll and Jeggo 2006) . Numerous studies addressing the possible role of ATM and ATR in DSB repair followed the observation that cells from ataxia telangiectasia (A-T) patients, which are defective for ATM, are radiosensitive (Taylor et al. 1975) . Several studies found that ATM is involved in Artemis-dependent nonhomologous end-joining (NHEJ) repair of DSBs Riballo et al. 2004; Jeggo and Lobrich 2005) . ATM has also been suggested to facilitate HR repair in chicken DT40 cells, on the basis of synergistic sensitivity to IR when both ATM and NHEJ genes are deleted (Morrison et al. 2000) . ATM-and ATR-dependent phosphorylation of proteins that facilitate the assembly of repair complexes on damaged DNA, such as histone H2AX, also suggests a role for these kinases in regulation of DSB repair (reviewed in Paull et al. 2000; Abraham 2001; Ward and Chen 2001; Bassing et al. 2002; Celeste et al. 2002) . Similarly, several lines of evidence implicate the Saccharomyces cerevisiae ortholog of ATR, Mec1, in DSB repair. For example, Mec1 is required for localization of components of the Sir complex, which has been implicated in NHEJ, after DSB induction (Mills et al. 1999 ) and for phosphorylation of histone H2A, which is required for efficient NHEJ. Together, these studies support the existence of an important interplay between cell-cycle checkpoint regulation and DNA repair. Nonetheless, the roles of ATM and ATR seem to vary in different studies, and the consequences of removal of these kinases on repair processes are not fully understood.
Drosophila MEI-41 has also been proposed to have a checkpoint-independent role in promoting survival after IR. Jaklevic and Su (2004) found that mei-41 mutants are killed by doses of IR that are not lethal to grp mutants, although both are defective in the G2-M checkpoint induced by IR. Similarly, Oikemus et al. (2006) found that both spontaneous and IR-induced chromosome breaks were increased in mei-41 mutants but not in grp lok double mutants, suggesting that MEI-41 has a role in preventing chromosome breaks that is independent of GRP and LOK.
To better understand specific roles of MEI-41 in DNA repair, we assayed DSB repair in mei-41 mutants. Our results indicate that the ability to complete the later steps of repair by homologous recombination (HR) in the absence of MEI-41 is decreased, frequently resulting in cell or organismal lethality. We did not detect an effect of loss of MEI-41 on repair through NHEJ. Our data suggest that DSB repair defects in mei-41 mutants are due in part to the role of MEI-41 in eliciting the G2-M DNA damage checkpoint, but that loss of the GRP/ LOK-mediated checkpoint does not account for all of the defects observed. This reveals a novel role for MEI-41 in HR repair that is independent of the known function in cell-cycle regulation.
MATERIALS AND METHODS
Drosophila stocks and genetics: Flies were maintained on standard medium at 25°. The P {w a } transgene used in this study is described by Kurkulos et al. (1994) and Adams et al. (2003) . The mei-41 mutant males were hemizygous for mei-41 29D (Laurencon et al. 2003) . The spn-A mutants were compound heterozygotes of spn-A 057 and spn-A 093A (StaevaVieira et al. 2003) . The cyclin alleles used were CycA C8LR1 (Sigrist and Lehner 1997) and CycB 2 ( Jacobs et al. 1998 ). The grp mutants used were compound heterozygotes of grp 209 and grp Z5170 . grp Z5170 was obtained by screening a collection of nonlethal EMS mutants on the second chromosome (Koundakjian et al. 2004 ) for maternal-effect lethality and failure to complement grp 1 (Fogarty et al. 1997) . We sequenced the region encoding GRP in this mutant, revealing a C-to-T transition that changes a conserved proline in the kinase domain (residue 189) to leucine. The grp 209 allele was generated by excision of P {EP}587, which is inserted 551 bp upstream of the initiator ATG site. Excision alleles were screened for failure to complement the female-sterile phenotype caused by grp 1 . A deletion in grp 209 includes the first two coding exons (see below). Both alleles were confirmed to be genetic nulls by the observation that each was completely defective in the G2-M checkpoint after IR and failed to complement the maternal-effect embryonic lethality reported for other alleles. lok 30 is a deletion of the 59-UTR and first two coding exons, generated through excision of P {EPgy2}EY15840. This allele behaves like published null alleles in that mutants are moderately defective in the G2-M checkpoint after exposure to IR.
Viability experiments: Male viability was determined by the ratio of P-element-containing males of the indicated genotype with transposase compared to the same genotype without transposase (equaling percentage of expected). Experiments with mei-41, spn-A, CycA, and/or CycB heterozygotes used the H{w 1 , D2-3}Hop2.1 transposase source, located on a CyO balancer chromosome. All flies carried a P {w a } inserted on the X chromosome. Experiments with grp and lok, which are on chromosome 2, used the P {ry1, D2-3}(99B) transposase source on chromosome 3. Although this source results in greater mosaicism in the eye, it produces fewer excisions in the male germline, but this does not affect repair outcomes (McVey et al. 2004a) . Using the third chromosome transposase source, viability in mei-41 mutants was unaffected in the presence of the single P {w a } element, presumably due to lower activity of this source in some essential tissue; decreased transposase activity has been shown to decrease viability defects in other mutants (Engels et al. 1987) . To compensate for the lesser transposase activity, we scored viability defects in a background with increased numbers of P elements, which would result in more cells experiencing at least one excision. We used the sn w allele, which contains two P elements in the 59-UTR of sn (Banga et al. 1991 ) and the original P {w a } element as three sources of excision. Wild-type, mei-41, and CycA and/or CycB heterozygotes were also tested in this background for comparison.
P {w a } assay: Crosses for the P {w a } assay are described by Adams et al. (2003) and McVey et al. (2004a) . Briefly, single males of each genotype containing P {w a } and the P {ry1, D2-3} (99B) transposase source on chromosome 3 were crossed to four y w P {w a } virgin females, and female progeny without transposase were scored for eye color. To compensate for changes in P {w a } excision rates (see results for details), we repeated each experiment two to four times for each genotype. Rates of completed synthesis-dependent strand annealing (SDSA) were determined by the number of completed SDSA events (red-eyed progeny) out of total repair events (red-and yellow-eyed progeny). Weighted averages were applied to compensate for changes in sample size between experiments. Standard deviation was determined by the weighted averages of the percentage of progeny showing completed SDSA. Aberrant repair products recovered in yellow-eyed females were analyzed in white-eyed sons of these females. To ensure that independent events were analyzed, only one such female was used from each cross vial.
Molecular analysis of aberrant repair: Repair synthesis tract lengths were determined as described in Adams et al. (2003) . Genomic DNA was prepared from single male flies containing the aberrant repair product derived from experiments using the H {w 1 , D2-3}Hop2.1 transposase source, located on a CyO balancer chromosome. PCR reactions contained 10 mm TrisHCl pH 9.0, 50 mm KCl, 2.5 mm MgCl2, 0.1% Triton X-100, 1.25 mm of each primer, 250 mm each dNTP, 2 ml of the genomic DNA prep, and Taq DNA in a 20-ml volume. PCR products were analyzed by agarose gel electrophoresis followed by ethidium bromide staining. Positive and negative controls were included in each set of reactions.
Single-strand annealing assay: Males that were wild type or mutant for mei-41, grp, and/or lok and carried the single-strand annealing (SSA) transgene (Rong and Golic 2000) and heatshock-inducible I-SceI enzyme were heat-shocked at 38°for 1 hr to induce DSBs in germline and somatic tissues. Individual males were then crossed to wild-type females, and progeny were scored for SSA events on the basis of red (no SSA) or white (repair through SSA) eye color.
Sequencing of mutations: The grp coding region was sequenced for changes in grp Z5170 . Individual flies homozygous for the mutation were homogenized and PCR was performed using gene-specific primers. PCR products were isolated using gel electrophoresis, purified, and sequenced directly. The mutation was confirmed by sequencing the opposite strand. The genomic loci of grp 209 and lok 30 alleles were similarly sequenced to identify deletion breakpoints of the excision event.
Checkpoint assay: We employed a well-established assay to determine defects in DNA damage checkpoints in mitotically dividing cells in imaginal discs after IR (Xu et al. 2001; Brodsky et al. 2004; Jaklevic and Su 2004; Bi et al. 2005a) . Briefly, third-instar larvae were unirradiated or irradiated with either 500 or 4000 rad of g-rays using a Gammator 50 irradiator and then kept at 25°for 1 hr. Imaginal discs were dissected in Ringer's solution and fixed in 4% formaldehyde and PBS with 0.1% Triton-X (PBT). Discs were washed and blocked in PBT with 5% bovine serum albumin (BSA). Discs were incubated with a 1:1000 dilution of rabbit anti-phospho-Histone H3 antibody (Upstate Biotechnology, Lake Placid, NY) in PBTovernight at 4°. Discs were incubated for 2 hr at room temperature with 1:1000 secondary goat anti-rabbit rhodamine-conjugated antibody (Molecular Probes, Eugene, OR), stained with 10 mg/ml DAPI in PBT, and mounted with Flouromount-G (Southern Biotechnology Associates). Discs were visualized using a TRIT-C filter of a Nikon Eclipse E800 fluorescent microscope.
RESULTS
mei-41 mutants are sensitive to transposase-induced DSBs due to defects in homologous recombination repair: To investigate the role of MEI-41 in repairing DSBs, we employed a repair assay on the basis of excision of a Ptransposable element (Adams et al. 2003) . We generated males with an X chromosome insertion of P {w a } and P transposase, which catalyzes excision of P {w a } throughout development in both the germline and soma. Survival to adulthood of mei-41 males experiencing P {w a } excision during development is drastically reduced ( Figure 1A) , as in previous studies with other P-element insertions (Banga et al. 1991) . Lethality was not observed in wild type or in mei-41 mutants that did not have a P {w a } insertion. Thus, MEI-41 plays a crucial role in responding to even a single DSB.
We hypothesized that the decreased viability of mei-41 mutants is due to accumulated cell death caused by an inability to repair transposase-induced DSBs. Repair of these DSBs can occur through HR or NHEJ pathways. We inactivated HR with mutations in spn-A, which encodes the Drosophila ortholog of the strand invasion protein Rad51 (Staeva-Vieira et al. 2003 ; Figure 2b ). (B) Lethality using chromosome 3 transposase and three P elements (P {w a } and two at the sn locus). DSBs occur in the somatic tissue and germline of the male progeny of the indicated zygotic genotype that have both the P {w a } element and transposase (A) or sn w and P {w a } elements and transposase (B; see materials and methods for details). The percentage expected is determined by the number of males of the indicated genotype with transposase relative to brothers without transposase. Bars represent means; error bars indicate standard deviation from three independent experiments (wild-type, mei-41, and grp lok mutants) or range from two experiments (other genotypes).
Although spn-A mutants are incapable of repairing through HR and are extremely sensitive to ionizing radiation, these mutants can efficiently repair a single transposase-induced DSB through a noncanonical NHEJ pathway (McVey et al. 2004a ; Figure 2c ). Therefore, spn-A mutant males that have the X chromosome P {w a } insertion and transposase are fully viable ( Figure 1A) . Remarkably, mutations in spn-A completely suppressed the lethality of mei-41 mutant males associated with excision of the P {w a } element ( Figure 1A ). We propose that attempts to repair DSBs through HR in the absence of MEI-41 are frequently unsuccessful, resulting in an accumulation of cell death in some essential tissue and, consequently, organismal death. Analysis of individual repair events (see below) from mei-41; spn-A mutants supports this interpretation: all such repair events appear to result from end joining (data not shown), and the junctions are indistinguishable from those produced by spn-A single mutants (McVey et al. 2004a) .
mei-41 mutants have reduced ability to complete the final steps of SDSA: The viability defect described above demonstrates that attempts to repair DSBs through HR fail when MEI-41 is absent. To gain insight into the cause of the failure, we determined the molecular structures of repair events generated in mei-41 mutants. Germline DSB repair events were assayed by crossing surviving males with P {w a } and transposase to appropriate females and recovering repaired X chromosomes in the female progeny.
Most DSB repair in the Drosophila germline occurs through an HR pathway termed SDSA (described in Nassif and Engels 1993; Kurkulos et al. 1994; Adams et al. 2003; McVey et al. 2004a,b) . SDSA begins with the generation of single-stranded DNA by resection of the 59 ends of the DSB (Figure 2) . One or both single-stranded ends can then invade a homologous template and prime repair DNA synthesis. After dissociation of the nascent strand from the template, SDSA is concluded through annealing of complementary single strands, trimming of any overhangs, filling of any gaps, and ligation.
Most female progeny from the surviving mutant males have apricot eyes; the majority of these are derived from cells in which the P element did not excise, but some result from complete restoration of the P {w a } element through SDSA, using the sister chromatid as a repair template (McVey et al. 2004a ). Because we cannot distinguish between failure to excise and excision followed by restoration of the P {w a }, apricot-eyed progeny are uninformative. The other two classes of progeny, however, allow us to distinguish between complete SDSA (red eyes) and other repair mechanisms (yellow eyes) (Adams et al. 2003) . Rates of P {w a } excision can vary, depending on transposase source and other factors, but this does not affect the ratio of the two types of repair events (McVey et al. 2004a; supplemental Table 1 at http:/ / www.genetics.org/supplemental/). To control for differences in excision rate, repair outcomes are expressed as the percentage of detectable repair products (sum of red-eyed and yellow-eyed progeny) that have completed SDSA (red-eyed progeny; see supplemental data at http://www.genetics.org/supplemental/ for total numbers scored). -Model for repair of a gap through SDSA. Processing of a doublestrand gap (a) begins with resection of the ends to leave 39-ended singlestranded overhangs (b). The resected structure can then enter one of two pathways. The ends can join through a process that does not require extensive complementary ends (c) or one or both of these resected ends invade a homologous template (d) and prime repair synthesis (e). The nascent strand is dissociated, searching for a complementary single-stranded DNA to anneal to f. This structure resembles that of a resected product (b). Consequently, the nascent strand can reinvade a homologous sequence (g) or undergo end joining (i). Repair synthesis is not processive, so multiple rounds of synthesis, dissociation, and reinvasion (e-g) are required for repair across the gap (McVey et al. 2004a) . Synthesis across the entire gap allows annealing of complementary single-stranded DNA, resulting in restoration of sequences lost when the gap was originally made (h). In the absence of SPN-A (DmRad51), repair occurs through an end-joining pathway (c). In the absence of MEI-41 (h), a majority of repair products that attempt the annealing/ligation steps are lost, resulting in a reduction of complete SDSA.
Of the repair events obtained in progeny of wild-type males, 46% were derived from completed SDSA ( Figure  3 ). This class was significantly decreased in mei-41 mutants: Only 20% of repair events were completed SDSA, corresponding to a 57% reduction (P , 0.05). This reduction appears to be due to decreased recovery of SDSA repair products (progeny with red eyes), since there is neither a comparable decrease nor a corresponding increase in non-SDSA products (progeny with yellow eyes; supplemental Table 1 at http:/ /www.genetics.org/ supplemental/). This finding supports the proposal that in the absence of MEI-41, unsuccessful attempts to repair through SDSA result in cell death, rather than repair through another mechanism, such as end joining.
To better understand the repair defect in mei-41 mutants, we determined the structures of repair events recovered as yellow-eyed progeny. Most of the yellow-eyed progeny of wild-type males result from initiation of SDSA followed by end joining rather than annealing and ligation (Adams et al. 2003) . We found evidence for repair synthesis from one end of the break, utilizing a homologous template in 79 of 83 yellow-eyed progeny from wild-type males and 101 of 103 yellow-eyed progeny from mei-41 males. Because the P {w a } in this assay is on the male X chromosome, the only repair template available is the sister chromatid. Thus, excision and repair occur in G2 in both wild-type and mei-41 mutants.
Relative to the sister chromatid, P {w a } excision generates a 14-kb gap. We previously reported evidence that repair DNA synthesis during SDSA is not highly processive and that repair of a large gap involves multiple rounds of strand invasion, synthesis, and dissociation ( Figure 2 ; McVey et al. 2004a) . Before each strand invasion event, the single-stranded ends may be joined through a noncanonical NHEJ pathway, resulting in an internally deleted P {w a } element. The amount of repair synthesis that occurs before end joining can be estimated by determining the lengths of synthesis tracts in repair events recovered in yellow-eyed progeny. Tract lengths were similar whether MEI-41 was present or not ( Figure 4) . We conclude that MEI-41 is not required for the early steps of SDSA, including initiation, strand invasion, repair synthesis, and dissociation (Figure 2 , af). Likewise, MEI-41 is not required for completion of repair through NHEJ (Figure 2i) .
Our results suggest that the diminished ability of mei-41 mutants to repair DSBs through SDSA occurs during the final steps-annealing and ligation (Figure 2h ). To confirm this conclusion, we assayed repair under conditions in which annealing and ligation are essential, but the need for strand invasion and repair synthesis is bypassed. When a DSB is made between directly repeated sequences, resection of 59 ends exposes single-stranded sequences that can anneal without synthesis; this repair process is termed SSA (Ivanov et al. 1996) . In the assay we employed (Rong and Golic 2000) , .92% of the progeny of wild-type males resulted from repair by SSA (Table 1 ). In mei-41 mutants, 82% of the progeny resulted from SSA. Although the magnitude of the effect in this assay is lower than that in the SDSA assay, the decrease is highly significant (P , 0.0001).
Taken as a whole, our results support the hypothesis that mei-41 mutants are unable to complete SDSA effectively, even when there is only a single DSB. In the absence of MEI-41, SDSA is initiated and repair synthesis proceeds as usual, likely involving multiple cycles of strand invasion, synthesis, and dissociation. Repair can then be completed by end joining without negative consequences. However, attempts to complete SDSA through annealing and ligation are frequently unsuccessful, resulting in cell death. Bars represent average percentage of complete SDSA repair (red-eyed progeny) out of all repair products (red-and yellow-eyed progeny) from independent experiments of each indicated genotype. Error bars represent standard deviations from three or four independent experiments in wild type, mei-41, and grp lok mutants and ranges from two independent experiments in lok and grp single mutants. Statistical significance (P , 0.05) was determined from the weighted averages and weighted standard deviations of each genotype. Each independent experiment was an observation of a range of 63-387 individual repair events. See supplemental Table 1 at http:/ /www.genetics.org/supplemental/ for total numbers scored. Lethality of mei-41 mutants is rescued by reducing mitotic cyclin levels: We propose two hypotheses to explain the inability to complete SDSA in the absence of MEI-41. First, MEI-41 may facilitate the final steps of this pathway, perhaps by regulating enzymes important for these steps. Alternatively, or additionally, the loss of the G2-M DNA damage checkpoint in mei-41 mutants may result in entry into mitosis before repair by SDSA has been completed. To test this second hypothesis, we sought to delay entry into mitosis through other means and ask if these conditions bypass the requirement for MEI-41. Reducing the maternal contribution of the mitotic cyclins, cyclin A and cyclin B, slows early embryonic cell-cycle progression (Edgar et al. 1994 ) and can bypass the requirement for MEI-41 in regulating the midblastula transition during early embryonic development (Sibon et al. 1999) . We found that reduction of the maternal contribution of CycA or of the zygotic contribution of either mitotic cyclin increased survival of mei-41 mutants carrying transposase and P {w a } (Figure 1 , A and B, and data not shown). The combination of maternal and zygotic reduction in CycA plus zygotic reduction of CycB restored full viability.
We also determined the effects of cyclin reductions in a nonessential somatic tissue, the progenitors of the compound eye, as in Romeijn et al. (2005) . In this assay, the eyes of males carrying P {w a } and transposase are scored for clones of red-pigmented cells, indicative of completed SDSA, and unpigmented (white) cells, indicative of repair through end joining (Adams et al. 2003) . In wild-type flies, almost every eye has at least one red clone (supplemental Table 2 at http://www.genetics. org/supplemental/). In contrast, in mei-41 mutants, only 10% of eyes have red clones. In mei-41 mutants heterozygous for a CycA or CycB mutation, the frequency of red clones increased. This result, while not as precise as measurements of germline repair events, supports our conclusion that MEI-41-dependent regulation of cell-cycle progression contributes to the efficiency of HR repair in multiple tissue types.
Loss of the GRP/LOK-mediated G2-M DNA damage checkpoint accounts for only part of the decreased ability of mei-41 mutants to complete SDSA: The finding that reducing the levels of mitotic cyclins can rescue lethality of mei-41 mutants caused by transposaseinduced DSBs suggests that this defect is primarily or entirely due to loss of cell-cycle regulation. As a second test of this hypothesis, we examined repair and survival in grp and lok mutants. The grp and lok genes encode orthologs of Chk1 and Chk2, respectively. In other organisms, Chk1 and Chk2 have partially redundant roles in transducing cell-cycle checkpoints (Boddy et al. 1998; Chen and Sanchez 2004; Helt et al. 2005 ; reviewed in Sanchez et al. 1996; Sancar et al. 2004) . Drosophila grp and lok mutants are defective in replication and damage checkpoints (Su et al. 1999; Yu et al. 2000; Masrouha et al. 2003; Brodsky et al. 2004; Jaklevic and Su 2004; de Vries et al. 2005; Royou et al. 2005) . In some studies, grp mutants were found to completely lack the G2-M DNA damage checkpoint ( Jaklevic and Su 2004; de Vries et al. 2005) , but others have suggested that GRP and LOK have partially redundant functions in this response (Xu et al. 2001; Brodsky et al. 2004 ).
We could not use existing alleles of grp and lok because they have P-element insertions, so we generated and characterized new mutations in grp (grp 209 and grp Z5170 ) and lok (lok
30
; see Figure 5 and materials and methods for details). The grp 209 and grp Z5170 alleles were screened for failure to complement the maternal-effect embryonic lethal phenotype of grp 1 , which has been proposed to be null (Bier et al. 1989; Fogarty et al. 1994) . Consistent with previous results with null alleles, the G2-M checkpoint induced by 4000 rad of IR was decreased in lok 30 mutants (Xu et al. 2001) and was not detectable in grp 209 /grp Z5170 mutants ( Jaklevic and Su 2004 ; Figure  5C ). As with other alleles, double mutants of these alleles are indistinguishable from mei-41 mutants in that the G2-M checkpoint was undetectable after 4000 rad of IR (Brodsky et al. 2004) . At lower doses (500 rad), a checkpoint response was undetectable in both grp single and grp lok double mutants, but was not affected in lok single mutants ( Figure 5C ). On the basis of molecular data and similarity to previously characterized null alleles of these genes, we conclude that these new alleles are genetically null.
We used these mutations to determine whether the SDSA defects observed in mei-41 mutants are due to a loss of the checkpoint response. We first investigated lethality associated with P-element excision. Because grp and lok are on chromosome 2, we used a chromosome 3 transposase source. This source is less active, resulting in fewer excisions, but this does not affect repair outcome (McVey et al. 2004a ; this study). To offset the decreased transposase activity, we measured viability in the presence of an increased number of P elements: a combination of sn w , which is an insertion of two small P elements, and the original P {w a } element. For comparison, we also tested genotypes assayed in Figure 1A with this combination of P elements and transposase. As in the previous assay, viability of mei-41 mutants is strongly decreased by the presence of transposase ( Figure 1B) . In contrast, grp and lok single mutants were fully viable. In grp lok double mutants, viability was decreased relative to wild type or either single mutant, but the decrease was not as severe as in mei-41 mutants (P , 0.05). Thus, while reducing cyclins can completely rescue lethality in mei-41 mutants, loss of the GRP/LOK-dependent checkpoint can account for only part of the viability defect of mei-41 mutants.
We also assayed grp and lok mutants for specific repair defects in the germline. Although neither single mutant had a detectable defect in completing SDSA, the double mutant exhibited a significant (P , 0.05) decrease in the ability to complete SDSA ( Figure 3) ; however, the decrease was not as severe as that of mei-41 mutants (P , 0.05). Similarly, grp and lok single mutants did not show a decreased ability to repair through SSA, but the double mutant had a phenotype intermediate between that of wild type and mei-41 mutants (Table 1 ; P , 0.001). Among aborted SDSA repair events, synthesis tract lengths were similar in grp and lok single mutants, as well as in grp lok double mutants, to those of wild type and mei-41 mutants (data not shown). Thus, loss of both GRP and LOK generates repair defects that are qualitatively identical to, but quantitatively less severe than, those resulting from loss of MEI-41. These results support the conclusion that loss of the DNA damage-dependent checkpoint mediated through GRP and LOK is only partially responsible for the SDSA repair in mei-41 mutants.
DISCUSSION
In this study, we addressed two aspects of the role of MEI-41 in DSB repair: (1) which specific DSB repair processes are influenced by loss of MEI-41 and (2) whether the checkpoint function of MEI-41 accounts for defects in repair observed in mei-41 mutants. Our results indicate that loss of MEI-41 affects repair by HR, but not by NHEJ, and that the disruption of HR cannot be explained entirely by loss of the GRP/LOK-mediated G2-M DNA damage checkpoint. This suggests that MEI-41 209 was generated by excision of EP587 (triangle) to generate a deletion that removes the first two coding exons (brace). grp Z5170 has a C-to-T transition that changes a conserved proline at residue 189 in the kinase domain to leucine (asterisk; see materials and methods for details). (B) The lok 30 allele was generated by excision of EY15840 (triangle), generating a deletion of the 59-UTR and the first two coding exons (brace). (C) DNA damage checkpoint defects in mutants. Third instar larvae of the indicated genotype were unirradiated (top) or irradiated with either 500 rad (middle) or 4000 rad (bottom) of g-rays. Imaginal discs were dissected and fixed 1 hr after irradiation. Mitotic cells are revealed by staining with an antibody to phosphorylated histone H3.
regulates repair through a mechanism independent of the GRP/LOK-mediated checkpoint response.
Evidence that the effect of loss of MEI-41 is specific to HR comes from our finding that lethality of mei-41 mutants undergoing P-element excision is eliminated through use of spn-A mutations. A previous study suggested that repair of DSBs generated by P-element excision in somatic tissues occurs primarily through NHEJ (Gloor et al. 2000) , but our results indicate that repair by HR is also important, at least in some essential tissue or tissues. This conclusion was also reached by Romeijn et al. (2005) , who demonstrated that mutations in okra, which encodes the ortholog of Rad54, also impart sensitivity to DSBs generated through P-element excision. In our assay, however, spn-A mutants, which are not capable of repairing through HR, are fully viable. The difference between this result and that of Romeijn et al. is probably due to different rates of excision of the different P-element insertions used. Consistent with this interpretation, we have observed that differences in the rate of excision of the same P {w a } insertion, resulting from the use of different sources of transposase, can affect viability of repair-defective mutants (McVey et al. 2004a ; this study).
Defects in HR, but not in NHEJ, were also revealed through analysis of germline repair events: Recovery of products arising from completed SDSA was reduced in mei-41 mutants, but there was no effect on recovery of products in which repair was completed by end joining. The latter type of product appears to arise from initiation of SDSA with multiple rounds of strand invasion, repair synthesis, and dissociation of the nascent strand. In these products, however, repair is completed through a DNA ligase IV-independent end-joining pathway (Figure 2i) (McVey et al. 2004a,b) , rather than by annealing of complementary strands, as in SDSA. Because products in this class are indistinguishable between mei-41 mutants and wild-type males, we conclude that loss of MEI-41 does not affect the ability to repair through end joining, but rather the later steps in SDSA (Figure 2h) .
Much of the effect of loss of MEI-41 on repair can be attributed to the cell-cycle checkpoint function. Reduced viability of mei-41 mutants undergoing P-element excision can be completely suppressed by reducing levels of mitotic cyclins. One interpretation of this result is that reducing cyclins delays entry into or progression through mitosis, thereby alleviating the need for cellcycle regulation by MEI-41. Another possibility is that cyclin reduction affects viability in some way other than through cell-cycle regulation. Ira et al. (2004) found that inhibiting Cdk1 (required for cell-cycle progression into mitosis) in budding yeast resulted in increased NHEJ repair of an HO endonuclease-induced DSB. It is possible that the cyclin reduction in our experiments increases repair through NHEJ, resulting in an effect similar to that of eliminating SPN-A. This was not true in the male germline, where the fractions of different repair products in CycB/1 or CycA/1 mutants were not different from those in wild-type flies (data not shown). In the male germline, however, reducing the zygotic dose of these cyclins did not affect the reduced ability of mei-41 mutants to complete repair by SDSA (data not shown). This result may reflect different effects of cyclin reductions on cell-cycle progression into mitosis in different tissues and therefore does not provide insights into the mechanism by which cyclin reductions rescue the lethality of mei-41 mutants experiencing excision of P elements during development.
Additional support for an important role for MEI-41-dependent cell-cycle regulation in the ability to repair DSBs through SDSA comes from analysis of mutants lacking GRP and LOK, which are required for the replication and DNA damage checkpoint response in Drosophila (Su et al. 1999; Yu et al. 2000; Masrouha et al. 2003; Brodsky et al. 2004; Jaklevic and Su 2004; de Vries et al. 2005; Royou et al. 2005) . We found that grp lok double mutants had the same phenotypes as mei-41 mutants. However, the effects were less severe in each of three different assays (viability, SDSA repair, and SSA repair).
The IR-induced G2-M checkpoint is undetectable in grp single mutants (as in mei-41 mutants) and is partially defective in lok single mutants at high doses (Liu et al. 2000; Xu et al. 2001; Brodsky et al. 2004 ; this study); however, we did not detect repair defects in grp or lok single mutants. We attribute this apparent paradox to differences in the assays used. In Drosophila studies, the G2-M checkpoint is observed after exposure to IR, by staining proliferating imaginal disc tissues with a marker for mitosis (an antibody to phosphorylated histone H3). In our assays, we looked for defects in HR repair of DSBs generated by P-element excision in different tissues, throughout development. P-element excision leaves a 17-nt 39-ended single-strand overhang (Beall and Rio 1997) , whereas IR causes multiple types of damage, including single-strand nicks and DSBs (Hutchinson 1985; Frankenberg-Schwager 1990; Ward 1990; Price 1993) . There may also be tissue-specific differences in the requirements for GRP and LOK for checkpoint signaling. For example, GRP may be essential for this process in imaginal disc cells, but redundant with LOK in the male germline. It is also interesting that no requirement for LOK is observed at low doses of IR. This suggests that LOK is activated only at high doses to facilitate the G2-M checkpoint. Finally, we cannot eliminate the possibility that GRP and LOK may be redundant in a checkpoint-independent pathway that contributes to SDSA repair, but there is at present no evidence that these proteins act redundantly in DNA damage repair pathways in Drosophila or other organisms.
All of the effects of loss of MEI-41 on ability to complete SDSA may be due to loss of the DNA damagedependent checkpoint, if this checkpoint is not completely eliminated in grp lok double mutants. In the assay we and others use to assess the G2-M checkpoint, the phenotype of grp lok double mutants is indistinguishable from that of mei-41 mutants (Liu et al. 2000; Xu et al. 2001; Brodsky et al. 2004 ; this study), but it is possible that some effects of the checkpoint are not detectable with this assay. If grp lok double mutants retain some aspect of the MEI-41-dependent DNA damage checkpoint, there must be some transducer that remains to be identified. Studies in other model organisms suggest that ATR/ATM-dependent DNA damage checkpoints are transduced entirely through Chk1 and Chk2 (Boddy et al. 1998; Chen and Sanchez 2004; reviewed in Sanchez et al. 1996; Sancar et al. 2004) . In Xenopus, Mcm2 is a direct substrate of ATM and ATR in response to DNA damage in the DNA replication checkpoint (Yoo et al. 2004) . However, repair of the P-excisioninduced DSB analyzed in this study requires a sister chromatid for HR and therefore must occur in G2 (see results). We suggest that the G2-M DNA damage checkpoint function of MEI-41 accounts for only a portion of the reduced ability to complete SDSA when MEI-41 is absent and that MEI-41 has a role in response to DNA damage independent of the GRP/LOK-mediated checkpoint ( Figure 6 ).
In conclusion, our results indicate that MEI-41 has multiple roles in regulating responses to DNA damage. We found that mei-41 mutants are compromised in their ability to complete the later steps of SDSA, but not in NHEJ. The defects seem to be due in part to loss of the GRP/LOK-mediated G2-M DNA damage checkpoint, resulting in insufficient time for repair in some cells. This suggests that the later steps in SDSA-annealing of complementary sequences, trimming overhangs and/or filling gaps, and ligation-are more timeconsuming than joining the ends generated by multiple cycles of repair synthesis. Our finding that the GRP/ LOK-mediated checkpoint function of MEI-41 does not entirely account for the defects of mei-41 mutants in HR repair implies that MEI-41 has an additional function in facilitating the later stages of HR repair that is independent of this checkpoint, as suggested in studies examining other functions of MEI-41 ( Jaklevic and Su 2004; Oikemus et al. 2006) . It has been suggested that mammalian ATM kinases have a role in DSB repair independent of their checkpoint functions (reviewed in Jeggo et al. 1998; Lobrich and Jeggo 2005; Jeggo and Lobrich 2006; O'Driscoll and Jeggo 2006) . Given the conservation of checkpoint functions between these kinases and MEI-41, it may be that mammalian ATM kinases facilitate HR in a manner similar to the function of MEI-41 described here. We propose that MEI-41 is involved in the later steps of SDSA in repairing a single DSB (after strand invasion and repair synthesis). Our genetic experiments indicate that in addition to the GRP/LOK-dependent checkpoint response, MEI-41 is also involved in repairing DSBs independent of this checkpoint. The presence of MEI-41 in both of these pathways ensures complete repair through SDSA.
